Ultracold mixtures of atomic 6 Li and 133 Cs with tunable interactions 
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We report the experimental and theoretical study of two-body interactions in a 6 Li- 133 Cs Fermi- 
Bose mixture. Using a translatable dipole trap setup, we have successfully trapped the two species 
in the same trap with temperatures of a few microkelvins. By monitoring atom number loss and 
interspecies thermalization, we identify five s-wave interspecies Feshbach resonances in the lowest 
two scattering channels. We construct a coupled channels model using molecular potentials to fit 
and characterize these resonances. Two of the resonances are as wide as 6 mT (60 G) and thus 
should be suitable for creating Feshbach molecules and searching for universal few-body scaling. 

PACS numbers: 34.50. Cx, 37.10.Gh 



In ultracold atom experiments, the interaction between 
two atoms can be controlled by tuningan external mag- 
netic field near a Feshbach resonance H. The ability to 
control precisely the interaction between neutral atoms 
has opened up many possibilities for ultracold atom re- 
search. From a few-body physics perspective, it has al- 
lowed the creation of Feshbach molecules Q and Efimov 
trimers 0, H|. From a many-body physics perspective, 
it has allowed exploration of BEC-BCS crossover 0-0] 
and molecular Bose- Einstein condensates Q as well as 
bringing a dilute gaseous system from a we akly interact- 
ing regime to a strongly interacting regime (Tol[Tl|. 

Using a heteronuclear mixture opens up even more 
possibilities. By mixing bosonic and fermionic atomic 
species, one can create molecules with different statis- 
tics. A mixture of bosonic and fermionic quantum gases 
[r3 . [l3j is also interesting as it can provide a new test 
ground for many-body physics. In particular, marrying 
the mixture with optical lattices, another powerful and 
tunable tool, the mixture provides new opportunities to 
explore exotic quantum phases, such as supersolids flij . 
insulators with fermionic domains [l5j . and boson me- 
diated superfluids [16j . Furthermore, an ultracold het- 
eronuclear mixture can lead to ground-state molecules 
with a large electric dipole moment and high phase space 
density [13, G3 to study quantum gases with long-range 
dipolar interactions. 

A key ingredient of the above research prospects is 
the control of the interspecies interaction. In this Rapid 
Communication, we report the production of an ultra- 
cold mixture of fermionic 6 Li and bosonic 133 Cs atoms 
and the observation of five interspecies Feshbach reso- 
nances. Our choice of the Li-Cs mixture provides unique 
opportunities to explore new quantum physics. First, 
heavy Cs atoms can be cooled down to «10 nK (l9l. [20|. 
while a Fermi gas with lighter lithium atoms can have 
Tp ks 1 fiK. Effective sympathetic cooling with Cs atoms 
would prepare Li atoms at a temperature of T/Tp=0.01, 



crucial for observations of exotic quantum phases [21| - |23j . 
Second, the distinct optical excitations of 6 Li and 133 Cs 
allow for independent manipulation of the two species 
in a bichromatic optical lattice for quantum information 
processing |24j |. Third, the extreme mass ratio of the two 
species leads to a small universal sca ling factor of ss5 
for the LiCs2 Efimov trimer states J25l [26| , compared to 
22.7 for a homonuclear system 0, [j]T A smaller scaling 
constant facilitates the test of the scaling law in Efimov 
physics. Finally, ground-state LiCs molecules possess the 
largest dipole moment of 1.8xl(T 29 C m (5.5 D) [HHl 
that one can obtain by combining two stable alkali-metal 
atoms. 

There are, however, challenges in the laboratory prepa- 
ration of the Li-Cs mixture, including a disparity in the 
sample temperatures after optical cooling («300 fiK for 
Li and «2 /iK for Cs), and the large inelastic colli- 
sions between optically excited Cs atoms and ground- 
state lithium atoms 29] . To avoid the undesired heating 
and loss when cold Cs atoms are loaded into a very deep 
trap («1 mK) and the light- assisted inelastic collision loss 
when Li atoms overlap with a Cs magneto-optical trap 
(MOT), we design a translatable dipole trap. This trap 
allows us to evaporate Li atoms first, lower the dipole 
trap power, and then shift Li atoms to a different loca- 
tion prior to the Cs MOT loading. 

Our experiment starts by loading the Li MOT for 6 s 
to collect 10 8 Li atoms from the Zeeman slowed atomic 
beam. After an 8-ms compressed MOT phase, we pump 
Li atoms into the F = 1/2 manifold, during which we 
collect 10 6 atoms into a translatable dipole trap. The 
dipole trap is implemented by focusing two laser beams 
through a lens mounted on a motorized translation stage; 
see Fig. [TJ The two laser beams cross at an angle of 14° 
with a beam diameter of 110 /im at the focus. A diode- 
pumped ytterbium fiber laser at a wavelength of ?»1070 
nm provides a maximum laser power of 70 W in each 
beam. The dipole trap has a maximum trap depth of 
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FIG. 1: (Color) Optical setup and procedure for combin- 
ing 6 Li and 133 Cs clouds: (a) Schematic for the translatable 
crossed dipole trap. The position where the two dipole beams 
cross can be shifted by moving the lens mounted on a mo- 
torized translation stage, (b)-(e) Top view images show the 
merging process for the two atomic clouds. The 6 Li atoms 
are initially trapped in an offset crossed dipole trap, while the 
133 Cs atoms are loaded and cooled in the optical lattice of the 
degenerate Raman-sideband cooling (dRSC). After the two 
clouds are merged, both species are confined in the crossed 
dipole trap. Dotted lines show the dipole beam paths. 



1.3 mK for Li atoms and gives radial and axial trapping 
frequencies (w r , uj a ) — 2nx (7, 0.84) kHz. With 3 s of Li 
evaporation at a magnetic field of 830 G, the temperature 
of the Li atoms is lowered to «3 /iK and 2xl0 5 Li atoms 
remain in the trap. At this stage, the power in each dipole 
beam has decreased to 0.64 % of its full power, which 
reduces the trap depth by the same factor and reduces 
the trapping frequencies by a factor of 12.5. We then 
increase the trap depth slightly, and move the crossed 
dipole trap 12 mm away from the MOT position before 
loading Cs atoms. We are able to move the Li cloud over 
12 mm in 300 ms without any observable Li number loss 
and heating. After loading Cs atoms for 5 s in a MOT, 
we obtain 5xl0 7 Cs atoms. We then perform a magnetic 
compression, molasses cooling and degenerate Raman- 
sideband cooling [30j. After all optical cooling, we move 
the crossed dipole trap back to the original position and 
release the Cs atoms to combine the two species ( see 
Fig. [TJ . Subsequently, we have 10 5 Li atoms and 2xl0 5 
Cs atoms with temperatures of 3 and 10 /xK, respectively. 
We do not observe clear thermalization between the two 
species at low magnetic field. 

In the dipole trap, we can independently prepare Li 
and Cs atoms in different spin states. Following the con- 
vention in Ref. [l[, we label the hyperfine energy lev- 
els alphabetically. For example, a |Li:6) and |Cs:a) mix- 
ture means Li atoms are in the second- lowest-energy state 
\b) = \F = 1/2, rap — 1/2) and the Cs atoms are in the 
lowest-energy state \a) = \F = 3,mp = 3). 

We prepare atoms in the desired spin states and per- 
form Feshbach spectroscopy in the dipole trap. We first 
perform spectroscopy on a |Li:a)-|Cs:a) mixture. To pu- 
rify the spin of the Li atoms, we apply a resonant laser 
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FIG. 2: (Color online) The Feshbach loss spectrum for the 
open channel of |Li:a) and |Cs:a). (a) Number and (b) tem- 
perature of Li atoms when combined with Cs atoms for 50 
ms at various fields. The Li atom number decreases dramati- 
cally while the temperature increases when the field is tuned 
near resonance. Two resonances are found at 843.4 and 892.9 
G. The solid lines are Lorentzian fits to the data. Each data 
point is averaged over three experimental realizations. 



pulse to push the |Li:6) atoms out of the trap. The spin 
cleaning process for Li is implemented at 430 G [31j . 
where the optical transitions from |Li:a) and |Li:6) to 
the 2P 3 / 2 states can be resolved. Cs atoms have a more 
complex spin structure. To spin polarize Cs atoms into 
|Cs:a), we apply a microwave pulse with a frequency chirp 
that transfers atoms in unwanted sublevels of the F = 3 
manifold to sublevels in the F = 4 manifold, then remove 
them by a resonant laser pulse. 

We choose to measure the trap loss and temperature 
of Li atoms as the indicator of an interspecies Feshbach 
resonance, exploiting the fact that identical fermions do 
not interact at such a low temperature. Near a Li-Cs Fes- 
hbach resonance, however, Li atoms experience enhanced 
trap loss and heating. The heating is due to the fact that 
Cs atoms are hotter, and near a Feshbach resonance, the 
large scattering length results in faster thermalization. 
Since Li atoms see a shallower trap, the heating also 
induces fast evaporative loss. Trap loss can also come 
from three-body recombination between one Li and two 
Cs atoms, which drives the atoms out of the trap. After 
ramping the magnetic field in 7 ms to a desired value and 
holding for 50 ms, we measure the Li number by absorp- 
tion imaging. For a |Li:a)-|Cs:a) mixture, we scan the 
magnetic field from to 1000 G with steps of 1 G and 
observe two resonances located at 843.4 and 892.9 G; see 
Fig. [5] Fitting the loss features to a Lorentzian profile, 
we determine the full width at half maximum 5 to be 
5.6 and 1.0 G, respectively. Temperatures of Li atoms 
are determined by time-of-flight images. Figure [U[b) 
shows that the temperature of the Li atoms rises near 
the resonances. The temperature increase is less obvious 
near the narrow resonance, since the scattering length 
increases within small field range. We confirmed that 
neither heating nor trap loss occurs when 133 Cs atoms 
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FIG. 3: (Color online) The Feshbach spectrum for the open 
channel of |Li:6) and |Cs:a). (a) Number and (b) tempera- 
ture of Li atoms when combined with Cs atoms for 50 ms at 
various fields. The Li atom number decreases dramatically 
while the temperature increases when the field is tuned near 
resonance. Three resonances are found at 816.1, 889.0, and 
943.4 G, respectively. The solid lines are Lorentzian fits to 
the data. Each data point is averaged over three experimen- 
tal realizations. 



TABLE I: Summary of Feshbach resonances found for |Li:a) 
+ |Cs:o) and |Li:6) + |Cs:a). The experimental width 8 is 
obtained by fitting the number loss data to a Lorentzian, and 
is not the same as the resonance width A» = -Bcm — B x j. 
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So(G) 5(G) 


Bo(G) 


A(G) 


m f 


Sres 


|Li:o)+ 


843.4(2) 5.6 


843.1(2) 


62.0 


7/2 


0.74 


|Cs:a) 


892.9(2) 1.0 


893.0(2) 


2.0 


7/2 


0.02 


|Li:6>+ 


816.1(2) 0.4 


816.4(2) 


2.0 


5/2 


0.03 


|Cs:a) 


889.0(2) 7.7 


888.8(2) 


59.5 


5/2 


0.71 




943.4(2) 0.8 


943.4(2) 


2.0 


5/2 


0.02 



are absent. 

We also identify the Feshbach resonances with Li atoms 
in |Li:6) and Cs atoms in |Cs:a). To prepare Li atoms in 
|Li:6), we use a radio-frequency adiabatic rapid passage 
to transfer Li atoms from |Li:a) to |Li:6), then optically 
remove the remaining |Li:a) atoms. The result is shown 
in Fig.|3l Three loss peaks are found at 816.1, 889.0, and 
943.4 G, and the fitted widths S are 0.4, 7.7, and 0.8 G, 
respectively. All measured Feshbach resonances are sum- 
marized in Table HI The experiment uncertainties reflect 
the resolution of our magnetic field calibration based on 
Cs microwave spectroscopy. 

Using the LiCs molecular potential energy curves for 
the ground AT 1 S+ and a 3 E+ states [32j, we have con- 
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structed a standard coupled channel model [1[ for calcu- 
lating the bound and scattering states of Li + Cs col- 
lisions for any combination of spin states of the two 



FIG. 4: (Color) Theoretical values for (a) scattering lengths, 
(b) molecular energies, and (c) the decay constant of the 
[Li : b) + |Cs : a) channel (black) to the |Li : a) + |Cs : a) 
channel (red) at a temperature of 1 /iK. The shaded area in 
(b) indicates the scattering continuum. 



atoms. Following our standard procedure [33j of mak- 
ing a small harmonic variation to the inner wall of each 
potential in the region R < R e , where R e is the equi- 
librium internuclear distance of the potential, we vary 
the potentials to modify the respective A^E+ and a 3 E+ 
scattering lengths ai and 03 to fit the observed B field 
for each of the five measured Feshbach resonances. The 
predicted pole position Bq and width A of each reso- 
nance are summarized in Table HI The scattering length 
calculated from the coupled channel model can be fitted 
by a(B) = a hs Ui[(B - B xA )/(B - B ,i)] M with an 
accuracy of 98 % or better in the range of 750-1000 G. 
Here Bo,i is the z-th pole, B X i=Bo i — Ai is the i-th zero, 
the background scattering length is af, g = -29.2ao for the 
I Li : a) + |Cs : a) channel, and is ab g = -29.3ao for the 
I Li : b) + |Cs : a) channel. The scattering lengths for our 
best fit model are a\= 30.2(l)ao and (Z3 = -34.5(l)an- 
The error estimate represents one standard deviation in 
the least-squares fit to the data. All relevant Feshbach 
molecular states are mixtures of singlet and triplet states, 
and the only good quantum number is to/, the projection 
of the total angular momentum. 

Figure [4] shows the scattering length variation for the 
two spin channels investigated and the two-body inelas- 
tic decay coefficient K-2(B) for the higher-energy spin 
channel, which can decay to the lower one through spin- 
dipolar coupling to exit channel d waves. Because the d- 
wave barrier in the lower exit channel is 10.6 mK, which is 
much larger than the energy release in a |Li : b) to |Li : a) 
spin-flip transition, the loss coefficient wlO -18 cm 3 /s 
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away from resonance is negligible. Thus, large changes 
in scattering length are possible for the |Li : 6) + |Cs : a) 
channel without significant decay. The channel can be 
used to achieve dual quantum degeneracy, as long as the 
detuning \B ~ Bq\ 73, where 75 = 3 mG corresponds 
to the decay width of the closed channel component of 
the resonance. 

From our calculation, we found the dimensionless reso- 
nance strength parameter s res [l| for the two broad reso- 
nances at 843 and 889 G are both slightly less than unity 
(see Table HI, indicating a significant open channel contri- 
bution. Also, there will be no other s-wave bound states 
at fields smaller than 4000 G, since the next bound states 
that can cross the scattering threshold are bounded by 
«20 GHz at zero field. 

In conclusion, we have realized an ultracold atomic 
mixture of 6 Li and 133 Cs and identify five inter-species 
s-wave resonances in two spin configurations of Li and Cs 
atoms. All five resonances are confirmed by theoretical 
calculations based on a standard coupled channel model 



The broad resonance in the |Li:£>) + |Cs:o) channel is 
located in an accessible range where both a Li Fermi gas 
and a Cs condensate can be stable (35[. The theoretical 
calculations suggest that the inelastic collision rates be- 
tween atoms in Li:6) and |Cs:a) is low enough to accom- 
modate dual quantum degeneracy. Both facts suggest 
promising future applications of Li-Cs mixtures to study 
tunable Bose-Fermi gas, ultracold Feshbach molecules, 
and Efimov trimers. To reach dual quantum degener- 
acy, sympathetically cooling Li atoms by evaporating Cs 
atoms are under investigation. 

Note added in proof. Recently, we became aware of 
a similar work by M. Weidemiiller group at Heidelberg 
University 136] . The measured s-wave resonance posi- 
tions from both experiments are in excellent agreement. 

We thank N. Gemelke and K.-A. B. Soderberg for their 
help in early development of the experiment. We ac- 
knowledge support from the NSF-MRSEC program, NSF 
Award No. PHY-1206095, and AFOSR-MURI. 
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